For the four rotational levels JK~K+ = loi. lio> 2i2 and 2-2i of ethylene oxide all possible four level double resonance experiments for dipole allowed transitions have been performed to investigate collisional effects and to determine the relative change of signal intensity, r] = AI jl, due to high power pump radiation. The TV and TVrelaxation times have been measured for all dipole allowed transitions within these four levels.
Introduction
We report an investigation of the rotational relaxation of ethylene oxide, C2H4O. Two experimental methods were used: I) four level double resonance [1, 2, 3] r/, Ti and To can be related under suitable assumptions to combinations of rate constants [1, 7, 8, 9] . Details for the relations to 7] are given in references [1, 9] . For linear molecules Liu et al. [7] derived the relations to r I\ and T2. As has been shown, these relations can be extended to asymmetric top molecules [10] .
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The 7'2-values reported in this work have not been used for the determination of the inelastic rate constants. They were measured because T2 can be related to linewidth measurements [4] , Further the theoretical prediction [7] of T\ ^ T2 should be confirmed.
As a rotational spectrum arises from a large number of populated levels, rotational relaxation is determined by even more rate constants. A considerable simplification can be obtained [1] At to the ensemble of two-level systems a, b is brought into resonance with the continously applied MW-field (h v) by applying a Stark 7r-pulse. At t\ the Stark voltage is switched off. In the following non-resonant period t AN relaxes. At to the system is brought into resonance again by a second Stark rr/2-pulse [5, 6] .
b-type dipolar collisional transitions or of the corresponding rate constants as indicat ed in Figure 1 . Four "bath" constants ki, sums of rate constants, describe the coupling of population variations to the bath. These were not assumed to be necessarily of dipolar type.
Figures lb-e give the four possible choices for the MW-pump and signal*. So it was possible to measure four ^-values and four T\-(and 7V) va l ues > which were sufficient to determine the eight inelastic rate and bath constants. Up to now the two types of measurements have been analysed separately for some molecules under more stringent assumptions because of the lack of experimental information. So the bath constants have been assumed to be equal, which may be an insufficient approximation as resulted from our analysis. The rate constants depend on these assumptions.
As there is still a discussion [1, 7, 11] of the |m|-dependence** of relaxation effects, most of the measurements were made without and with an external electric DC-field to lift the | m | -degeneracy of the rotational levels.
The four level double resonances showed a change of the magnitude but not of the sign of rj. This is in contrast to the sign change observed in OCS [12, 13] . Within experimental accuracy no Independence of Ti and To has been found. Different results for NH3 were reported by Hoke et al [14] . * This procedure is in general not possible for symmetric top or linear molecules, as the selection rules are different. ** We use m for the magnetic quantum number.
Experimental and Apparatus for Four Level Double
Resonances Ethylene oxide was supplied by J. T. Baker Chemical Co. with a purity of 99.7% and used after vacuum distillation.
The pressure was measured with a MKS Baratron 310 capacitance manometer. The influence of selective adsorption was reduced by a vacuum tank of 20 1 which also increased the pressure stability.
For the double resonance experiment a resonant high power microwave radiation of frequency vp has to be applied. Due to this pump radiation the population difference of the pump transition levels is changed with respect to the thermal equilibrium. This change is transferred to other levels by molecular and wall collisions. The collisional transfer to two selected levels is monitored by a microwave of weak power and frequency vs • I is the peak intensity of the monitored signal transition, AI its pump and collisional induced change in intensity giving the r\ -AI\I value.
The frequencies of the investigated transitions are given in Table 1 .
For the experiment with the selection of pump and signal frequency of Fig. 1 b we used the sensitive method of microwave modulated double resonance (MMDR) [2, 9, 15, 16] with double modulation and demodulation. The general set up is given in Figure 3a . A PIN-diode switches at 7 Hz the pump microwave on and off. In addition 33 kHz Stark modulation is applied *. With the first PSD I, with the second AI are measured. The pump was set off resonant when measuring I. The measurement of AI has to be carried out with a sufficient bandwidth of the detection system. For scaling of AI and I the gain of the second PSD has to be calibrated.
The phase stabilised pump source Avas a microwave sweeper (Hewlett-Packard 8690 B + 8694A) in X-Band followed by a TWT-amplifier (Hughes A unique interpretation of collisional effects is often complicated because the collisional transfer may result from cascaded collisional or higher order transitions [1, 20. 21] . To discriminate between the two possibilities we performed a triple resonance or "clamping" [20] experiment for the levels given in Figure 4 . We take this experiment as an example for monitoring the transfer of population to the levels of the signal transition. The apparatus is drawn in Figure 5 . In this experiment the radiation of three phase stabilised MW-sources had to be combined, which was facilitated by the stripline cell [19] . maintained. An example is given in Figure 6 .
As can be seen from Table 2 T/2-pulse sequences for polarizingrelaxing-probing. Resonance is during n -and 7i/2-pulses. Fig. 7d . The molecular response for the pulse sequences is shown schematically. The initial rr-pulse is followed by a series of pulses corresponding to increasing delay time r. The envelope (Fig. 1, [30] ) is recorded. The signal is monitored by a boxcar integrator after half of the duration of a 7r-pulse (corresponding to a .-r/2-pulse) [6, 30] .
to the I m I-component with the largest Stark shift.
Fourier transform spectroscopy [10] is another method to determine T2 with MW-pulses instead of Stark-switch.
Results of the Time Domain Experiments
The pressure dependence of T1 and T2 is given in Table 3 by the slope ß from Table 4 gives T1 measurements of ethylene oxide in mixtures with hydrogen. In all our experiments T\ is nearly the same for different | m | -transitions.
Theory
We want to interpret the experimental results for the »^-degenerate transitions in terms of the molecular interaction on the basis of Equation (1) [7] ). As our Eqs. (13) and (14) would be of the same form we omit the superscript 0 denoting the tensorial charactor of A.
q is an element of the density matrix, H the hamiltonian of the isolated monitored molecule, K describes the interaction of the molecule with the electromagnetic field, Afiyfi> are elements of the relaxation superoperator A, which can be expressed in terms of the >S-matrix. (1) was derived under the assumption of the impact approximation [7, 26] .
Only binary collisions of the monitored molecule with perturber molecules are considered. The collision time has to be short with respect to the mean time between collisions and the inverse frequency offset (to -o>o).
The element AUJJ connects diagonal elements QU and Qjj of the density matrix o. So Aajj may be interpreted as the rate constant kji describing population transfer from level j to i.
An,ji= -kjt** (2)
Ant a gives the total rate of transfer out of level i.
So '
The element An, a (i =}= j) connects Qn to itself and describes a loss of the radiation induced coherence (TVrelaxation) [7] . The Ai^ki (i^rj) coupling off diagonal qu to off or on diagonal qm, are usually set to be zero, Avliich means that no collisional trans-** Also the rate constants are averages over the vibronic groundstate and Maxwellian velocity distribution. So the kij depend on temperature.
fer of coherence between pairs of levels is assumed [27, 28] *. In the following only linear polarized free space MW-radiation is considered. The effects of translation perpendicular to the MW-field are neglected [30] . The errors of these simplifications are within experimental accuracy. From (1) and (2) I ( 4 ) relax.
may be derived for the relaxation. The sum extends over all occupied levels. This reduction reflects the experimental conditions. The probing signal radiation is permanently present, but assumed to be small enough not to disturb the relaxation processes. With the pump radiation resonant with the levels 1 and 2 ( Fig. 1 b) and equilibrating n\ -n2 by saturation** the steady state equation from (4) is nt = 2 (fyi n J -kjiti) -0 with non-Boltzmann nm. For the levels 3 and 4 ( Fig. 1 b) (5) and (6) combine to
with bnm -nm -vPm, the deviation from equilibrium induced by radiation. For the signal transition 3-^4
we have:
Under certain approximations bn4 -<5?i3 may be related to bn2 -bn\. Only population changes dni within the four levels are retained treating all other levels as a thermal bath. The sum (7) over occupied levels j reduces to <5wi + &23 ÖW2 + &43 <5^4 -2%<5n3 = 0,
As for rotational levels e~( ,Ei~Ei^kT f^l for usual temperatures kij = kji (10) by the principle of detailed balance [7] .
With the collisional selection rules [2] for ethylene oxide and the result of the triple resonance experiment, the rate constants are limited to first order dipolar type. 
7] is related to rate and bath constants for zero DCfield. (13) applies for pump transition 1 2 and signal transition 3-<-»-4 *** as given in Figure 1 b. The * Transfer of coherence is discussed in [29] .
** It was proved by time resolved four level double resonance, that with a 33 kHz modulation saturation and steady state is achieved. *** A convenient method for solving (11) for (8) is the network analysis [9, 31, 32] .
other cases of Fig. lc , Id, le derive with (10) by the substitution given in Table 5 . From (13) (and the three other analogous equations) and kij> 0, ki > 0 theory predicts r\ to be negative. The signal intensity I decreases when the pump radiation is applied. This agrees with the experimental results of By Liu et al. [7] the relaxation time Ti has been related to the elements of the relaxation superoperator A for linear molecules. It has been shown [10] that an extension to asymmetric top molecules is possible. Our analysis for the rate constants k^ will be based on the results of the n, r. n\2-sequence of Figure 7 c. In this case the degenerate transition was polarized. As we found experimentally no m-dependence of T\, this choice is not critical. So we take Eq. (3-37) from Liu, where i and / now indicate asymmetric rotor levels.
_ 1
Aff,u + A/fjf -Aujf).
With the identification i = 1 and / = 2 according to Table 5 . The final numerical analysis for the kij and ki was based on the pressure dependence ß of T\ as listed in Table 3 .
Analysis and Discussion
For the determination of four rate and four bath constants we have eight non-linear equations from the relations (13), (15) and analogous ones. These equations are related to the change of diagonal elements of the density matrix as can be seen from Eqs. (1), (4) and (6) .
A computer program using a Marquardt procedure [33] was written to solve the non-linear problem. The solutions were limited kij^O and ki^O.
We obtained for the ktj and ki two sets of solutions, which are compatible with the eight nonlinear equations with minimum deviation. They are given in Table 6 . To check an approximation which had been used [1, 20] we set some bath constants equal to each other. First we set £3 = £4 and second We noticed that the ^-values of Table 2 
* As from the loi-and lio -levels besides &13 and ^24 no other dipole channels emerge, we set ki -&2 -0 and got the physically unreasonable result £34^0. Taking the Eq. (13), (15) and analogues as valid for the four level |m| = 1 subsystem the rate and bath constants of Table 6 column /, g were calculated. It can be seen that the constants change with respect to the unresolved conditions. We found it noticeable that with this set, the I m l-dependent rj and the | m | -independent Ti can be reproduced.
The rate constants k\o ~ 0 and £34 ~ 0 of Table 6 column /, g agree with r] ~ 0 of Table 2 
